In Kenya, tomato is cultivated for home consumption, as a cash crop, and a source of vitamins. In recent years, the growth rate of tomato production in the country has increased. Yields, however, continue to remain low due to a myriad of constraints, including incidences of arthropod pests. This paper catalogues arthropod pests of tomato in Kenya, establishes the pests' distribution patterns in relation to spatial and temporal dimensions and documents practices employed by farmers for their management. The study relies on plant health clinics as primary providers of data. Relationship between variables is proved using multinomial logistic regression. A diverse range of arthropod pests was found to hamper tomato production in Kenya. Tomato leaf miner, whiteflies, and spider mites emerged as the major threats to the sustainability of tomato production. Most of the arthropod pests reported were associated with upper and lower midland agro-ecological zones. The reverse, however, was true for upper highland zones. For the management of arthropod pests, essentially, the use of synthetic pesticides was the preferred practice by farmers. The study underscores the need to consider variations in arthropod pests' risk, both spatially and temporally when designing their management strategies. Also, alternative management procedures to the use of highly hazardous pesticides and better assessments of potential profit-loss to a smallholder for application and non-application of highly hazardous pesticides are required.
INTRODUCTION
Tomato (Lycopersicum esculentum Mill.) is a popular food crop cultivated and consumed worldwide (FAOSTAT, 2018; Gogo et al., 2012) . In Kenya, the crop, cultivated in almost every homestead for home consumption, serves as an important cash crop for both small and medium scale commercial farmers, and as an important source of vitamins (Gogo et al., 2012) . In addition to vitamins, tomato is also rich in antioxidants, including lycopene, carotenoids, phenolics and ascorbic acid, which can play an important role in averting cardiovascular diseases and cancer (Kirsh et al., 2006; Oduor, 2016; Toor and Savage, 2005) .
Tomato thrives under warm conditions (Oduor, 2016) . The ideal soil temperature for seed germination is 20 0 C or above; below 16 0 C germination is extremely slow. The optimal daily maximum air temperature for vegetative growth, fruit set and development is between 25 0 and 35 0 C (Hartz et al., 2008) . With sufficient soil moisture, tomato plants can withstand temperatures well in excess of 38 0 C, though the fruit set can be severely reduced. Fruit development and quality are adversely affected when night and day temperatures fall below 10 0 and 20 0 C, respectively (Hartz et al., 2008) . Also, the crop thrives under a variety of soil textures (Hartz et al., 2008; Oduor, 2016) . Suitable soil textures range from sandy to finetextured clay soil, provided it is well aerated, has a good structure, and is properly drained (Diver et al., 1999; Hartz et al., 2008) .
In recent years, the growth rate of tomato production in Kenya has increased (FAOSTAT, 2018) . Yields, however, continue to remain low due to a myriad of constraints. The main constraints hindering tomato production can be categorized into three, namely agronomic, institutional and market constraints (Asgedom et al., 2011) . Lack of access to markets, coupled with fluctuating commodity prices, has been identified as a major constraint to smallholder tomato production (Asgedom et al., 2011; Clottey et al., 2009 ). Moreover, small -and medium -scale commercial farmers also contend with a number of institutional challenges which include; limited access to inputs, lack of improved varieties, lack of transportation and lack of storage facilities (Asgedom et al., 2011) . On the other hand, key agronomic challenges faced in tomato production, include incidences of arthropod pests (insects and mites), diseases (fungi, bacteria and viruses) and physiological disorders (caused by non-pathological conditions such as drought, cold, heat and salinity) (Anastacia et al., 2011; Asgedom et al., 2011; Oduor, 2016; Toroitich et al., 2014; Umeh et al., 2002) .
There are several arthropod pests in the tropics that are directly associated with tomato damage and yield losses while others are vectors of diseases (Boubou et al., 2011; Jones et al., 2014; Olabiyi, 2008; Umeh et al., 2002) . Relating to their mode of feeding, two main types of crop damage can be associated with arthropod pests. The first is damage attributable to sucking of the plant sap from general tissues of fruits, roots or foliage or from the phloem (or xylem) system. The second is damage due to biting and chewing of plant material (Imam et al., 2010; Royalty and Perring, 1989) . The effects of arthropod pests on tomato include reduction in yield, transmission of diseases, reduction in marketable yield and increase in farm inputs (Imam et al., 2010) .
Among the factors that favour build-up of these pests include the existence of complex agroecosystems in the tropics and intra-continental dispersal by arthropod pests'. Accordingly, there is need to regularly update pest records and to document practices employed in their management (Gornall et al., 2010; Hill, 1983) . This paper thus seeks to establish ecological limits and management practices of major arthropod pests of tomato in smallholder agriculture subsector of Kenya by (1) cataloguing major arthropod pests of tomato in Kenya, (2) determining the distribution patterns in relation to time and agro-ecological zonation of major arthropod pests of tomato in Kenya and (3) documenting pest management practices employed by tomato farmers including reviewing farmers' pesticide use pattern.
MATERIALS AND METHODS

Study area
This paper aggregates the survey results from 121 locations over a four-year period (June 2013 to May 2017). The range of these locations represented 18 different production potentials (Agro-ecological zones) (Table 1) and fell within 14 counties of Kenya (Table 2) .
Study overview
From each location, smallholder farmers visiting plant clinics (managed by Plantwise Kenya) were sampled. Plantwise is a global program led by Centre for Agriculture and Bioscience International (CABI). The program seeks to assist farmers minimize their losses resulting from crop pests. Owing to a collaboration involving, among others, the national advisory services, the program oversees the setting up of networks of community-based plant clinics. It is here at the plant clinics where challenges relating to plant health problems are diagnosed and farmers benefit from practical plant health advice. Plant clinics function as a demand-driven extension running one day weekly or twice monthly in locations readily reachable by smallholder farmers. A farmer brings a sample of an affected crop to the plant clinic where he/she deliberates with a knowledgeable agricultural extension agent (also referred to as a "plant doctor") regarding the plant health problem. In the course of the discussion, the farmer obtains a diagnosis of the problem attacking his or her crop. Moreover, the farmer is furnished with a written and verbal recommendation for the management of the problem. Ordinarily, farmers who frequent these facilities are mostly adult female and adult male smallholders producing either as individuals or collectively in groups and are dependent on rainfall for cultivation. Production is both for income and subsistence.
Plant doctors are taken through a four-part training course. The training is geared towards enabling them to correctly diagnose plant health problems and to prescribe appropriate management practices. During the period under review a total 37,051 smallholder farmers visited plant clinics in 121 locations. Of these, 4,907 were farmers cultivating tomatoes. And of the farmers cultivating tomatoes, 2,189 of them had problems relating to arthropod pests. To avoid bias, records of repeat visits by farmers were omitted from the data that was considered in this study, meaning 'one farmer one record'. 
Data management system
For this study, data management workflow, which included data collection, was broken down into stages. Table 3 shows the data management stages and those responsible.
Data collection
In data collection, the Plantwise prescription form was used by plant doctors to capture particulars of farmers' queries. Besides the farmers and the plant clinic details, the plant doctors recorded information regarding the crop, Researcher.
Data use 6. Analysis Researcher symptoms and diagnoses, and pest management practices. Upon completion, the prescription forms were collated and couriered to the data hub located in Nairobi.
The process of entering data was undertaken using an Excel-based tool mimicking the layout of the Plantwise prescription form. For storage, the data was entered into the restricted section within the Plantwise knowledge bank called Plantwise Online Management System (POMS). POMS serve as a focal resource for the management of plant clinic data.
Data processing
Harmonization of plant clinic data involved the cleaning of data (location details, plant doctor names, crop names and diagnoses). This was done by the researchers.
Data validation
At a plant clinic, a field diagnosis is based on signs and symptoms observed on the plant sample, combined with information gained from farmer. Plant doctors have access to hand lens to observe some of the smaller features. Additionally, plant doctors have access to diagnostic photosheets which offer pictorial guidance for diagnosing pests on crops. Symptom descriptions on the photosheets help the 'plant doctors' distinguish between similar problems. At data validation stage, the researchers reviewed all the 2,189 plant clinic records to check the accuracy of the diagnoses. Validating diagnoses was done following the protocol developed by Plantwise program. This entailed checking that: (1) an actual diagnosis was provided in the prescription form; (2) the diagnosis was specific to at least sub-group level (e.g. thrips, mites, mealybugs etc.); (3) the diagnosis was plausible (i.e. has been reported in the country and is known to affect the host crop); (4) key symptoms of the diagnosed pest were recorded and; (5) it was definitive (symptoms were not easily confused with other causes); and (6) the picture of the sample accompanying the record confirmed the diagnosis.
Data analysis
Analysis of the data was carried out by means of a statistical program, SPSS, version 16 (SPSS, Released 2007). The analyses ran include trends over time, and recommendations from prescription forms. To gauge the comparative frequency of variables, cross tabulation was used and tested for significance by the Pearson Chisquare test. Associations between nominal dependent variables (seed variety, pest type and pest management intervention) and many independent variables were examined using multinomial logistic regression, and Goodness-of-fit test used to examine how well the model fits the data. Student's t-test and ANOVA were used to compare group means. Significance was defined as a p value ≤ 0.05.
RESULTS
Arthropod pests of tomato in Kenya
A diverse range of arthropod pests hamper tomato production in Kenya. A total of 9 species belonging to 7 orders were reported as major arthropod pests of tomato in Kenya (Figure 1 ). The primary arthropod pests attacking tomato seedlings were cutworms (Agrotis spp.) (CW), general foliage and fruit feeders were tomato leaf miner (T. absoluta) (TA), whiteflies (Bemisia tabaci) (WF), spider mites (Tetranychus spp.) (SM), African bollworm (Helicoverpa armigera) (ABW), leaf miners (Liriomyza spp.) (LM), thrips (Frankliniella spp.) (TH), aphids (Aphis gossypii, Myzus persicae) (AP), and mealybugs (Planococcus spp.) (MB). It is more likely that the incidence of these pests was influenced by the time, agroecological zonation and tomato variety (Table 4) pest than any other arthropod pest. Just like in time, differences in the incidences of arthropod pests were also observed among the different tomato varieties (Table 5) . Cal J, Kilele F1 and Riogrande recorded the highest diversity of arthropod pests, with each recording presence of all the 9 main arthropod pests of tomato in Kenya. On the other hand, Rambo F1, Prostar F1 and Elgon (Napoli F1) had the lowest diversity, each recording 7 of 9 main arthropod pests of tomato in Kenya. Presence of four of the arthropod pests, namely, whiteflies, T. absoluta, and red spider mites were recorded in all the varieties.
Distribution of arthropod pests of tomato in relation to agro-ecological zonation
There was considerable variation in composition and frequency of arthropod pests in different agro-ecological zones (AEZs). Most of the arthropod pests reported were associated with upper and lower midland zones while only a few were reported in upper highland zones. AEZs that reported the highest diversity of arthropod pests were LH2, LH3, LM4 and UM3 while UH2 recorded the least diversity (Table 6 ). Among the arthropod pests, whiteflies, spider mites, leaf miners and T. absoluta were cosmopolitan in distribution, registering a presence in all or nearly-all of the study's AEZs. In terms of frequency (Table 7) , there were more cases of spider mites, cutworms and thrips that were reported in lower highland AEZs than in the other AEZs. Also, compared to the other AEZs, there were more cases of African bollworm, aphids, leaf miners, and whiteflies that were reported in upper midland AEZs than in the other AEZs. On the other hand, cases of Tuta absoluta and mealybugs were mostly pronounced in the lower midland zones.
Farmers' practices on management of arthropod pests of tomato
At the point of consulting the agricultural extension officer at the plant clinic, 57% of the farmers had not initiated any intervention measures for control of arthropod pests. On the other hand, 42% applied pesticides (mostly synthetic pesticides) while a paltry 1% employed cultural practices. A total of 43 active ingredients (AIs) were identified to be used by smallholder tomato farmers for the management of arthropod pests (Table 8 ). The identified AIs differed in terms of their overall hazard level: 8 of the AIs met one or more of the highly hazardous pesticides (HHP) criteria; 18 AIs were classified as "Danger" (at least one of the related human health hazard statements specified that AI is "fatal if inhaled" or "toxic"); 13 AIs were classified as "Warning"; and 2 AIs were classified as "Low hazard" (there were no known human health hazard statements related with AI).
The AIs identified to be HHPs are listed in Table 9 . Of the HHPs identified, 5 out of 8 were carcinogens, 5 were known/presumed/suspected human reproductive toxicants and none causes heritable mutations in the germ cells of humans. Additionally, none of the AIs is persistent organic pollutant (POP) listed in the Stockholm Convention and none is currently listed in the Rotterdam database of notifications of final regulatory action. Seven (7) of 8 AIs are included in the PAN HHP list (2015) . On an AI basis, all the 8 AIs are allowed for use in the EU (Approved = 8).
Of the farmers applying synthetic pesticides for the management of arthropod pests, slightly over 60% used a pesticide product that is highly toxic by at least one route Key: + = Present; 0 = Absent; ABW = African bollworm; AP = Aphids; CW = Cutworms; LM = Leaf miners; SM = Spider mites; TH = Thrips; TAb = Tuta absoluta; WF = Whiteflies; and MB = Mealybugs.
of exposure (Figure 3) . It is more likely that the choice to intervene (including on application of pesticides or use of cultural practices) or not to intervene was influenced by the type of arthropod pest, time and the location of the farmer (Table 10) . Over time, the number of farmers opting to consult extension agents before attempting to manage arthropod pests increased from 47% (2013) to 65% (2017). Farmers reporting challenges associated with whiteflies, T. absoluta and spider mites were, for their management, more likely to institute intervention (46) 21 (14) 89 (22) 45 (34) 132 (20) 97 (23) 
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Key: 1 = extremely hazardous; 1B = highly hazardous; 2 = moderately hazardous; U = unlikely to present acute hazard; N = no. (prior to consulting an extension agent) for the management of arthropod pests than their peers in other regions.
DISCUSSION
Arthropod pests of tomato in Kenya
Consistent with previous studies, a diverse range of arthropod pests were found to hamper tomato production in Kenya. Despite variations in arthropod pests' frequency, T. absoluta, whiteflies and spider mites were the most dominant pest species, confirming their major pest status on tomatoes as earlier reported by Oduor (2016) and Zeketa et al. (2016) . T. absoluta is an invasive pest of tomato native to South America (Tropea Garzia et al., 2012) . According to Tonnang et al. (2015) , surveys carried out in various places in Africa have demonstrated that T. absoluta is rapidly spreading across the continent. This meteoric spread could be credited to the widespread cultivation and movement of tomato fruits across the border through trade. Additionally, the climatic and ecological conditions of the continent mirror those of South America countries (Tonnang et al., 2015) . T. absoluta was first reported in Kenya in 2014 (Gebremariamd, 2015 . This report tallies with the research findings where the pest appeared for the first time in the study area in the second year of study (2014) . Subsequently, higher incidences of T. absoluta are recorded, possibly, due to the pest's high biotic potential (Zekeya et al., 2016) . The pest is a multivoltine species, exhibiting a high reproductive potential that allows its population to increase rapidly (Tropea Garzia et al., 2012) . In addition, T. absoluta has a wide host range that allows it, when tomato is scarce, to switch to other available host in order to sustain its population and recover when tomato is in plenty (Zekeya et al., 2016) . Another advantage T. absoluta possesses is its ability to tolerate and adapt harsh conditions such as dry conditions, extreme cold and hot environments (Zekeya et al., 2016) . Like T. absoluta, whitefly also has high reproductive potential (Salas and Mendoza, 1995) . Coupled with this, the pest has unique life habits that enable it to transmit viral diseases and cause severe damage through plant feeding (Salas and Mendoza, 1995) . Spider mites, like T. absoluta, are invasive pests, native to South America (Migeon et al., 2009) . Over the years, spider mites have become one of the most severe pests of tomato in Africa, resulting in significant losses in south-east Africa and west Africa (Migeon et al., 2009) .
The findings of this study are in agreement with other studies on the effects of host plants on pest infestation (Akköprü et al., 2015; Kamara et al., 2007) . According to Akköprü et al. (2015) , plants influence host choice and the acceptance by arthropod pests with their biochemical, nutritional and morphological features. The differences in the frequencies of arthropod pests among various tomato varieties may be credited to differences in plant sap quality and the proportions of vital nutrients (Akköprü et al., 2015) . Consequently, analysis of the sap composition of the tomato varieties will provide clarity on the factors affecting the incidences of arthropod pests on different tomato varieties.
Distribution of arthropod pests of tomato in relation to agro-ecological zonation
There was considerable variation in composition and frequency of infestation of arthropod pests in the different AEZs. This finding is in agreement with previous studies that have reported altered weather patterns increase or decrease crop vulnerability to pest infestations (Rosenzweig et al., 2001 ). According to Rosenzweig et al. (2001) , the spatio-temporal distribution and proliferation of arthropod pests is controlled by climate.
In light of the foregoing, it is not surprising that most of the arthropod pests were reported in upper and lower midland zones, as opposed to the upper highland zones. Upper and lower midland zones are characterized by high temperatures and moderate precipitation. On the other hand, highland zones are characterized by low temperatures and excessive precipitation. Precipitationwhether insufficient, excessive, or optimal -is perhaps the most crucial variable affecting pest-crop interactions (Rosenzweig et al., 2001) . The effects of moisture stress on crops predispose them to damage by pests, particularly in the early stages of plant development. In addition, moisture influences fecundity and speed of development of most arthropod pests (Rosenzweig et al., 2001) . The predisposition to excessive moisture, however, can prove harmful to arthropod pests' population through encouraging pathogens such as fungi, mycoplasma and bacteria, thus causing mortality among arthropod pests. Also, excessive moisture may adversely affect the normal feeding and development activities of arthropod pests (Alto and Juliano, 2001; Atwal, 2014) . When it comes to temperature, arthropod pests are sensitive to it due to the fact they are cold-blooded (Rosenzweig et al., 2001) . Increases in temperature, for instance, may lead to changes in arthropod pests' population growth rates, changes in the pests' geographical distribution, changes in crop-pest synchrony, proliferations in pests' generations, and increased invasion of migrant pests (Porter et al., 1991) . Extremely high temperature, however, reduce arthropod pests longevity (Rosenzweig et al., 2001 ). In the study, whiteflies, spider mites, leaf miners and T. absoluta exhibited cosmopolitanism, registering a presence in all or nearly-all of the study's AEZs. This finding indicates that the aforementioned pests are widely spread in their distribution in Kenya, aided by their capacity to endure and adapt in severe conditions such as hot environments, dry conditions and extreme cold (Kang et al., 2009; Migeon et al., 2010; Skaljac et al., 2010; Zekeya et al., 2016) .
Farmers' practices on management of arthropod pests of tomato
When it comes to the management of arthropod pests, a Ochilo et al. 39 majority of the farmers opted not to intervene prior to consulting an agricultural extension officer. Perhaps, this was necessitated by the fact; farmers often have limited or incomplete information about pest problems and possible management practices (Hashemi et al., 2009) . Additionally, the findings may indicate that farmers in the study area place a great degree of trust in the agricultural extension system (Ochilo et al., 2018) . This finding, however, contradicts previous studies that have questioned the technical competence of agricultural extension agents. According to Roberts (1989) , the technical competence of agricultural extension agents is limited and in most instances is inferior to that of farmers who are technologically more advanced. The author further postulates that agricultural extension agents are recruited from "school failures" and are provided only with a superficial kind of technical training (Roberts, 1989) . More recently, Krishnan and Patnam (2013) reported that extension as a model for promoting modern input adoption may not be very effective. Instead, the duo advocated for social learning as a preferred mechanism for the same on the account of its persistence nature (Krishnan and Patnam, 2013) . For farmers who attempted to control arthropod pests prior to consulting an agricultural extension agent, essentially, the use of synthetic pesticides was the preferred practice. According to De Bon et al. (2014) , the desire for quick results obtained immediately following pesticide application is at the heart of farmers' preference for synthetic pesticides over other pest control methods. Coupled with this is the lack of proven alternatives and the sustained availability of moderately cheap pesticides which has ensured pesticides remain the focal pest management tactic (Ngowi et al., 2007; Talekar and Shelton, 1993) . Another factor appearing to drive synthetic pesticide use is smallholder farmers' quest to increase yield or quality and deficiency of knowledge in how to attain this without reliance on synthetic pesticides (De Bon et al., 2014; Williamson, 2003) . According to Ngowi et al. (2007) , when it comes to the choice of pesticide to use, smallholders are highly influenced by vendors dealing in pesticides and who operate in their farming communities. Over time, however, trends in pesticides use by smallholder farmers is influenced by farmers' knowledge on pesticide application with respect to pests, weather conditions, price, farm size and efficacy of pest control products (Ngowi et al., 2007) .
With 60% of the farmers applying synthetic pesticides using pest control products that are highly toxic, the risk of long-term effects of pesticides, if not properly handled, is high. The risk is especially pronounced where exposure to carcinogens and endocrine disruptors is involved (Ngowi et al., 2007) . Endocrine disruptors manifest their deleterious effect through antagonizing or mimicking natural hormones in the body. The consequence of which, in the long-term, leads to human health effects including reproductive abnormalities, hormone disruption, cancer, diminished intelligence, and immunosuppression (Kesavachandran et al., 2009 ). According to Pedlowski et al. (2012) , pesticide contamination can occur through direct and indirect means, and farmers and farm workers are perhaps the group at most risk by means of occupational exposure. High levels of occupational exposure to pesticides by this group could be explained by the group's supposedly low education impeding their ability to heed the hazard warnings provided by regulatory agencies. Other factors cited include lack of awareness regarding the dangers of pesticide misuse, the challenge of extrapolating the dosage from a large dimension-basis to very small areas, the absence of instructions in the pesticide label, the inability of applicators to understand the color code system to enlighten them on the pesticide toxicity level, and lack of knowledge of pests (De Bon et al., 2014; Pedlowski et al., 2012) . Furthermore, applicators who are conscious of the possible health hazards related to pesticides, and the advantages of personal protective equipment (PPE), do not always implement such measures. The main reasons provided for lack of use of PPE include discomfort of wearing PPE, cost, availability and general lethargy (Kesavachandran et al., 2009) 
Conclusion
From this study, the key arthropod pests of tomato can be categorized into fruit borers, leaf feeders, leaf miners, cut worms, phloem feeders and gall producers. Among the arthropod pests, Tuta absoluta, whiteflies and spider mites are emerging as major threats to sustainability of tomato production. Changes in frequency and spatial patterns of arthropod pests are related to agro-ecological zonation. With climate change in perspective, future consequences for the performance of arthropod pests will certainly depend on the degree and character of climate change in the various AEZs and the quality of specific natural communities. AEZs representing upper distribution limits, such as the upper highlands, will possibly be impacted most by rise in temperature and enhanced developmental conditions of, for instance, aphids, cutworms, T. absoluta and mealybugs. On the other hand, the increase in temperature and drought will possibly result in shifts and range contractions of arthropod pests that are less tolerant to heat. In view of these future challenges and probable risks, crop protection practitioners are in need of effective measures developed on account of comprehensive planning and decision-making. Towards this end, monitoring tools and the incorporation into comprehensive pest management planning systems of essential pest risk assessment or simulation models become important.
For the management of arthropod pests, this study provides insights into practices used in the management of arthropod pests in tomato production in Kenya. High risk pesticides continue to be used by smallholder farmers in tomato production. In light of the foregoing, there is growing consensus on the need for reduction in agricultural pesticide use or risk, and integrated pest management (IPM) has been identified as a means to achieve this end. However, viable as IPM is as a concept, appealing to a cross-section of interest groups, it is unlikely that IPM will result in pesticide reduction among smallholder farmers. This is because, providing smallholder farmers with economical, non-risky pest management alternatives requires greater sustained institutional support than is presently available. Alternative management procedures to the use of HHPs and better assessments of potential profit-loss to a smallholder for application and non-application of HHPs are required. Crops bred for resistance could potentially reduce overreliance in HHPs. However, for long-term effectiveness, development of resistance varieties must be developed within the confines of sustainable agriculture.
